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Abstract: In the present research, the behavior of 304L austenitic stainless steel in the deep drawing process
has been studied at the room temperature through experimental and finite element simulation method. Magnetic
method calibrated by XRD was used to measure induced-martensite. Martensite volume fraction in the various
portion of the deep-drawn cup under optimum blank holder force (BHF) and in the rupture location was evaluated.
Findings of the present study indicated that higher martensite volume fraction occurred in the flange portion in the
drawn cup due to higher strain and stress concentration in this area. Also, rupture happened at the arc portion of
the wall of drawn cup with higher blank diameter due to higher strain, work hardening, and martensitic transfor-
mation. Both experimental and simulation results showed that maximum LDR of 2 obtained in the forming process.
All experimental procedures were simulated by LS-DYNA software, employing MAT TRIP, and experimental re-

sults were in good agreement with the FE simulation.
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1. INTRODUCTION

In recent years, using stainless steel as a structure
with high fracture resistance is considered because
of the high energy absorption and good formability.
Stainless steels are useful and suitable for engineer-
ing applications in major industries such as chemis-
try, automotive, aerospace, and submarine. Marten-
sitic transformation is a well-known phenomenon
that occurs in austenitic stainless steel 304L. Indeed,
heat treatment process does not affect the mechanical
properties of austenitic stainless steels such as yield
strength, ductility, and formability of this material,
while the mechanical properties change with strain
hardening process [1-5]. Both ductility and strength
may be enhanced in austenitic stainless steels by the
generation of martensite through phase transforma-
tion phenomenon [6].

Since the metallic material with the shape of blank
is very used in the various industries such as the au-
tomotive and aerospace industries; therefore, recogni-
tion and understanding the process of the sheet metal
forming has been considered [7, 8]. Deep drawing is a
simple and important process which is used to produce
the complex parts from sheet metals in large volume
such as flashlight body, aluminum, and steel canister.
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More geometrical and physical parameters such as die
and punch diameter, punch speed, temperature, friction
coefficient, lubricant, distance between punch and die,
BHF and type of material on achieving products with-
out any problems are effective in the deep drawing pro-
cess. It should be noted that considering all parameters
to obtain a product with high quality is necessary [9-
13]. The main problems occurring during deep drawing
process are tearing and fracture, wrinkling (the most
important problem), necking and drawing grooves [14-
16]. In addition, there is a main challenge in sheet metal
forming process that geometric distortion of the sheet
metal emerges after forming process, which is known
as the spring back [17]. In the deep drawing process,
BHF affects the wrinkling and tearing of the sheet.
Blank holder prevents wrinkling and movement of the
sheet when the sheet is driven into the die. Therefore,
the optimal value for the BHF must be determined in
order to achieve the formed sheet without any tearing
and wrinkling during forming [18-20].

It is proven that strain rate, stress state, strain, tem-
perature, stacking fault energy (SFE), and triaxiality
factor affect the behavior and formability of austenitic
stainless steels [21-23]. Since strain-induced martensite
volume fraction relates directly to the amount of strain,
therefore more induced martensite transforms in the lo-
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Table 1. Chemical composition of the initial material (wt%).

Fe C Si Mn S P

Cr Ni Co \ Remain

Base | 0.026 | 0.55 | 1.07 | 0.001 | 0.029

18.38 | 8.18 | 0.37 | 0.112 | Other elements

cation with high strain. For these reasons, recognition,
and analysis of stress and strain in various region of
the drawn cup are very important in order to control
the forming process and obtain a final product without
any defects. Therefore, the state of stress and state of
strain should be determined for various regions of the
cup such as the wall, bottom, and flange of the cup.
Stress and strain state in the deep-drawn cup with max-
imum limit drawing ratio (LDR) under optimum BHF
and strain rate were determined and volume fraction of
induced martensite (VFM) has been related to them.

Nowadays, numerical analysis is used for predic-
tion and designation of the metal forming process
due to the vital role in some industries such as auto-
motive and aerospace. For this reason, finite element
(FE) method is replacing the experimental proce-
dures to predict the behavior of the material during
the process. Numerical simulation in metal form-
ing can be useful to obtain optimized parameters
in some technological problems such as wrinkling,
necking, and fracture [14, 17, 18, 24]. In this paper,
finite element method using Trip material model
(MAT TRIP) in LS-DYNA software was used to
predict martensite volume fraction, strain and stress
state for validating the experimental results.

Guidance
blades

Punch

Die

Blank diameter Blank diameter
Slmm Kmm

2. MATERIALS AND METHODS
2.1. Experiments

A fully austenitic stainless steel sheet with a thick-
ness of 0.5 mm was provided as the initial material for
experimental test. Chemical composition of the initial
material, shown in Table 1, reveals that the material is
an austenitic stainless steel type 304L. Circular blanks
with diameter vary from 78 to 90 mm with an incre-
ment of 2 mm were provided to perform deep drawing
tests and determine the optimum parameters such as
BHF and maximum LDR. Circular grid pattern with
2.5 mm diameter was chemically etched on the surfac-
es of the blanks to measure strains at various locations
of the cup after drawing process.

Teflon sheet was used between blanks and die
in order to reduce friction and minimizing the shear
stress in sheet at the contact interface. The friction
coefficient is set to low in order to allow the material
to control the forming process [12]. In this study,
a set of die and punch with a diameter of 41.5 and
40 mm, respectively, used to perform deep draw-
ing tests using a 40-ton hydraulic press equipped
by a computer, as shown in Fig. 1(a) and Fig. 1(b).

(b)

High BHF Optimum BHF

Blank diameter Blank diameter
80mm #2mm

©)

Fig. 1. (a): set of die and punch; (b): placement of blank and Teflon on the die and (c): Deep drawn cups under various conditions
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Three guidance blades in die guided blank and lo-
cated them at the center of the punch and die. It is
pointed that increasing die radius leads to increase
draw-ability and LDR, while higher die radius caus-
es other problems and defects such as wrinkling of
blank at the flange. For these reasons, the optimum
radius of 8 mm was applied in the die [25].

Fig. 1(c) shows the deep-drawn cup from blank
with a diameter of 80 mm under optimum (1600 kgf),
low (1500 kgf), and high (1700 kgf) blank holder forc-
es. Punch speed of 3 mm min™, low strain rate, was
applied to obtained higher formability of the material
[22]. Higher punch speed of 30 mm min" was used
to study the deep draw-ability of the material under a
higher strain rate.

Since, o’-martensite is a ferromagnetic phase,
which is transformed from non-magnetic austenite
phase in austenitic stainless steel [26], therefore mag-
netic saturation is a useful method to measure the in-
duced martensite volume fraction. Based on the previ-
ous work, the magnetic saturation method was used to
measure the volume fractions of martensite in different
regions of the drawn cup such as flange, close to the
flange, and wall [27]. In this case, the magnetic method
was calibrated by XRD to evaluate the amount of mar-
tensite [27, 28].

Microstructures of the edge, wall, bottom of the
cup, and near the rupture region were observed after
etching using an optical microscope. Etchant was pre-
pared from two solutions: first solution contained 0.3 g
sodium metabisulfite in 50 mL distilled water and the
second one contained 10 mL hydrochloric acid in 50
mL distilled water. The samples were immersed for 40
seconds in the etching solution.

2.2. Simulation

Simulation carried out with LS-DYNA using TRIP
material (MAT113) to validate experimental results.
Induced martensite volume fraction rate is determined
by Eq. 1 in this material model [29]. Yield stress in-
creases with the increase of strain rate but strain rate
does not affect the ultimate tensile stress of austenitic
stainless steel [22, 30, 31]. Therefore, yield stress may
be changed during the deformation of the sheet under
various strain rates. For this reason, MAT TRIP calcu-
lates the yield stress of the material during the forming
process through Eq. 2 and takes into account the Eq. 1
for calculating the rate of VEM [29].
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where:

& Effective plastic strain
Q: Heat capacity

T: Initial temperature
AB,C.D,PK1.K2,mnAH _:
equation parameters

Martensite rate

V.: Initial volume fraction of martensite
& Pre-strain

A, By Hardening law parameters

HS’

In this study, 3D modeling of the problem was
applied in order to understand the real conditions
of deformation during the deep drawing process.
Fig. 2 shows 3D-modeling of the deep drawing
process for determining VFM in all regions of the
cup under optimum BHF and maximum LDR.

Blank

Die Blank Holder

Fig. 2. 3D-modeling of the deep drawing process
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Various BHFs were simulated to obtain the
optimum BHF and the effect of the BHF on the
draw-ability of the sheet. After that, the result of
the simulation method was validated with the ex-
perimental procedure.

3. RESULTS AND DISCUSSION

In the metal forming process, it is very im-
portant to recognize parameters that affect the
process obtaining a final product without any de-
fects. One of the key factors is stress state that
should be known for designing the process of
forming. Various stress states are imposed during
the deep drawing of the sheet. For instance, trac-

1-Compression
2-Traction-Compression

3-Traction uniaxial

4-Traction plane

5-Traction uniaxial

6-Traction equibiaxial

tion equibiaxial stress state at the bottom, traction
plane stress at the wall, traction-compression at
the flange, and compression at the edge of the cup
are existed [32]. Stress state conditions with stress
tensors at different portions of the drawn cup are
shown in Fig. 3.

Fig. 4 shows force-displacement curves of
deep drawing process under optimum (1600 kgf),
low (1500 kgf) and high (1700 kgf) blank hold-
er forces. As can be seen, the load curve for high
BHF is higher than the two others while punch
load curve for low BHF is upper than optimum
BHF. According to this figure, blank flaws into
the die with maximum punch forces of 40000,
46000 and 50000 N at a displacement of 22 mm

[-a, 0 0] [-a, 0 0]
m= 0 0 0] @= 0 o, 0

0 0 0] o, 0 0
(6)=

3,5=|0 oy 0 0 o, 0
0 (0 0 0

—]-o' o 0

2
@=| © 92 O and €,=0
0 0 0

Fig. 3. Stress state condition at various regions of the drawn cup
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Fig. 4. Force-displacement curve under optimum, low, and high BHF
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under optimum, low, and high BHF, respectively.
Applied punch force increases when blank starts
going into the die until 40000 N at 22 mm, then
material flow leads to the reduction in punch
force. There is a similar case for the material flow
with low BHF. In this case, material flows into the
die and wrinkles occur on the edge of the circular
blank due to insufficient force to hold the mate-
rial between the die and blank holder, therefore
material needs more punch force to flow into the
die. For this reason, the force required to flow the
material into the die with low BHF is increased
to 46000 N. Considering this figure, different

case exists for material flow with high BHF. The
material can easily flow into the die while punch
force increases during material’s flow. High BHF
prevents material flow leading to increase punch
force up to 50000 N with a failure at the end wall
of the cup (arc portion of the wall).

Fig. 5 illustrates the experimental and sim-
ulation results of the drawn cup under different
conditions of blank holder forces. As can be seen,
more stress concentration occurs in the flange
with optimum and low BHF, while it occurs in
the arc portion of the wall with high BHF. This
is because the perimeter of the circular blank that

Stress (1 U‘Mpl}
2,000e-02
1.846e-02 ]
1.652e-02
1.539¢-02 _
1.385e-02
1.232e-02
1.078e-02
9.248e-03
T.12e-03
6.177e-03
4641e-03

Stress (10Mps)
2.282¢.02
2.084e-02 ]
1.886e.02
1.687e-02 _
1.489e-02
1.291e-02
1.093e.02
8.948¢-03
6.966€-03

4.984e-03
3.002e-03 |

Stress (10pa)
2.256e-02
2.108e-02
1.960e-02

Failure 1.812e-02 _

1.664e-02
1.516e-02
1.368e-02
1.220e-02
1.072e-02
9.240e-03
1.760e-03

Fig. 5. Stress concentration, wrinkle and failure area of the drawn cup from a blank diameter of 80 mm under

(a) optimum, (b) low and (c) high blank holder forces condition
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creates flange is under plastic deformation from
beginning to the end of the forming process. Since
circular blank edge goes into the die from the out-
er perimeter during the deep drawing process and
it is severe in the final step that flange flows into
the die, thus greater volume of material flows in
the final step of drawing, therefore more strain
occurs in the flange. It has been proven that in-
creasing the compressive hoop stress in the flange
portion leads to wrinkle in this region during deep
drawing of the metallic sheet [16]. According to
Fig. 5(b), wrinkles occur in the deep drawn cup
under low BHF (1500 kgf) due to the increase in
the compressive hoop stress in the flange, while
higher BHF (1600 kgf) compensates the effect
of the hoop stress in the flange and prevents the
wrinkling in this area.

Limiting draw ratio (LDR) in the deep draw-
ing of sheet metals is determined by Eq. 3.

LDR=D,, /D, . Eq.3
where DMax is the maximum blank diameter
which is successfully drawn to a cup with an in-

ner diameter of DPunch, punch diameter. In the
present study, circular blank with a diameter of

~ Failure

80 mm was drawn without any defects, therefore
maximum LDR of 2 was achieved.

Fig. 6 shows the thickness distribution of the
drawn cup from a blank diameter of 82 mm and 80
mm in FE simulation being compared with exper-
imental results. As can be seen in Fig. 6(a), circular
blank with a diameter of 82 mm under optimum
BHF was not completely drawn and experimen-
tal procedure confirmed FE simulation. Rupture
occurs with increasing the blank diameter due to
compressive hoop stress in the flange leading to an
increase in the blank thickness of the flange during
deep drawing. This figure illustrates that higher
thickness happens in the flange portion, while low-
er thickness occurs in the cup bottom. When the
punch begins to move, material flows into the die
from the center to the outer diameter of the blank,
where material moves from the perimeter of the
blank, leading to an increase in the thickness of the
blank in the flange portions. Increasing the thick-
ness of the flange portion prevents the material
flow into the die. Also, compressive hoop stress at
the flange in radial direction increases the thickness
of the flange [12, 33]. Cup wall plays an important
role during the forming process and it transforms
applied load to the cup bottom, therefore the thick-

Thickness
5.426e-01
5.118e-01 ]
4.810e-01 |
450201 _
4194e-01
3.886e-01
3.578e-01
3.270e-01
2.961e-01
2.653e.01
2.345¢-01 |

Thickness
6.612e-01
6.264¢-01

5.916e-01 _|
5.568€-01 _
5.220e-01
4.872e-01
4.524e-01
4176e-01
3.828e-01
3.480e-01

(b) | R=80mm LDR=2

3.132e-01 &

Fig. 6. Rupture loci and thickness distribution based on FE simulation in the deep drawn cup from circular blanks diameter

of (a) 82 mm and (b) 80 mm under optimum conditio
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Fig. 7. Induced martensite distribution in

(a) experimental procedure, (b) FE simulation, and (c¢) distribution of effective strain

ness of the wall in the arc reduces enhancing the
rupturein the arc portion of the wall. According to
Fig. 6(b), thickness increases from the cup bottom
to the flange portion in the deep-drawn cup under
the optimum condition with LDR of 2.

Fig. 7(a) and Fig. 7(b) depict martensite vol-
ume fraction for various locations, i.e., flange,
wall, and bottom of the drawn cup through the
experimental procedure and FE simulation, re-
spectively, while Fig. 7(c) shows the strain dis-
tribution for the deep-drawn cup without any
defects under optimum condition. Both mag-
netic method and FE simulation output (see Fig.
7) show that more martensite transforms in the
flange portion, while less martensite transforms
in the wall of the cup. It should be mentioned
that the volume fraction of induced-martensite
is directly related to the strain, thus more mar-
tensite is transformed in the region with higher
strain [27]. Experimental measurement of effec-
tive strain using Mylar transparent tape, Table 2
shows that maximum and minimum strain occurs
in the flange portion and cup wall, respectively.
Fig. 7(c) illustrates that higher strain occurs in
the flange portion, however, lower strain hap-
pens in the wall of the cup.

Figs. 8(a), (b) and (c) show microstructure of the
edge, wall, and bottom of the drawn cup under opti-
mum condition, respectively. This figure shows that
microstructure of the edge, wall, and bottom portion
contain about 48.8%, 40.29%, and 45.86% marten-
site phase, respectively. These results indicate that ex-
perimental output data is carefully in agreement with
FE simulation. Considering the Fig. 3, the flange and
arc portion are under compression and traction state
of stress in the deep drawing process. The flange is
under compression at the initial stage and this phe-
nomenon leads to an increase in the thickness of the
flange. Also, this region is under tension in the final
stage of the forming leading to form the final shape of
the drawn cup. In this case, high strain occurs in the
flange portion. Since martensitic transformation is as
a function of strain, therefore higher volume fraction
of martensite transforms in the flange portion.

It has been reported that biaxial tension condition
intensifies martensitic transformation more than uni-
axial tension, compression, and torsion condition on
equal strains [34-36]. Stress triaxiality and strain have
a combined effect on the transformation. Triaxiality
factor is defined as Z=0m/coqu(where ¢, =(c+o0,76,/3
and O™ Equivalent von Mises stress). It is pointed
out that probability of martensite nucleation at the

Table 2. Experimental and FE simulation outputs for martensite volume

fraction and amount of strain at different location of the deep-drawn cup under optimum BHF.

Strain Martensite volume fraction
. . . . Metallographic . .
Experiment Simulation Experiment . Simulation
observation
Flange 0.58 0.58-0.63 0.51 0.488 0.50-0.525
Wall 0.33 0.36-0.39 0.40 0.4029 0.41-0.43
Bottom 0.462 0.446-0.5 0.44 0.4586 0.45-0.48
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Va=40.29% %, 1%

Fig. 8. Microstructure of the (a) edge, (b) wall, and (c)
bottom of the drawn cup under optimum condition

potential sites enhances with increasing the triaxiali-
ty. Increasing triaxiality leads to enhancement of the
thermodynamic driving force for martensitic transfor-
mation, therefore higher martensite volume fraction
may be obtained [36].

In the case of stress sates with respect to the
Fig. 3, triaxiality for various portions of the cup
such as the 1, 3, 4, 5, 6 regions are as follows:

Region 1 (compression) — X= - 0.333
Region 3, 5 (Traction uniaxial) — = 0.333
Region 4 (Traction plane) — X= 0.577
Region 6 (Traction equibiaxial) — 2= 0.666

Martensitic transformation is a function of
strain, therefore the highest strain at the flange

causes the highest martensite volume fraction
that was discussed earlier. Since the arc por-
tion of the cup is under traction uniaxial stress
state and triaxiality of this portion is equal to
0.333, which is the lower amount; therefore
the least amount of martensite volume fraction
is transformed in this region. Thickness reduc-
tion of the bottom causes increasing effective
strain in this region. For these reasons, higher
effective strain occurs at the cup bottom than
the wall. Triaxiality of the wall and bottom of
the cup are 0.577 and 0.666, respectively. In
this case, higher strain and triaxiality are dom-
inant at the bottom of the cup compared to the
cup wall. As a result, higher martensitic trans-
formation takes place in the bottom portion
rather than cup wall, hence higher martensite
volume fraction transforms in the bottom than
cup wall. These results are summarized in Ta-
ble 2 through experimental measurements and
FE simulation.

According to experimental and FE simula-
tion results, circular blank with a diameter of
82 mm was not successfully deep-drawn, Fig.
9. Martensite volume fraction was measured
through experimental and simulation method,
Figs. 9(a) and (b). In this case, induced mar-
tensite was evaluated using magnetic saturation
and magnetic calibrated by XRD method and
then validated by FE simulation. High strain
hardening occurs with increasing the strain
in austenitic stainless steel due to martensitic
transformation and increase in martensite vol-
ume fraction enhancing elongation in this type
of material [22, 37]. Metallographic observa-
tion (Fig. 9(c)) shows that microstructure of the
fracture region contains about 58.23% marten-
site phase. Higher stress concentrates in the arc
portion of the wall causes a rupture in this re-
gion. Considering Fig. 6(a) and Fig. 9(d), high-
er strain and lower thickness occur in the arc
portion. Higher strain hardening happens when
the material goes into the die and more elonga-
tion occurs in the material and this phenomenon
leads to get high formability. During the form-
ing process, the thickness of the flange increas-
es due to compressive hoop stress preventing
the material flow into the die, therefore elonga-
tion in the wall portion increases. In this case,

& e J 3
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Martensite volumae fraction
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3124001
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2.24re-0
1800
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5093001
7.344e-01
5.5950.01 _
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4350601
2601001
2852601
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Fig. 9. Martensite volume fraction in the rupture loci for deep drawing of a blank with a diameter of 82 mm through

(a) experimental, and (b) FE simulation; (c) microstructure of the fracture region, and (d) effective strain

Load Load
direction direction
Fracture
direction

Load
direction

Fig. 10. Fracture direction with punch speed of
(a) 30 mm/min™', optimum BHF and initial blank with a diameter of 80 mm, (b) 3 mm/min', high BHF and initial blank with
a diameter of 80 mm, (¢) 3 mm/min’', optimum BHF and initial blank with a diameter of 82 mm

thickness reduces in the wall and this reduction
is severe in the arc portion caused rupture at
the arc portion. As a result, increasing the strain
in the arc portion enhances martensite volume
fraction in this location. The volume fraction
of martensite of 0.60 and 0.577 was detected

&4 o

through experimental and FE simulation meth-
od, respectively.

Fig. 10 depicts different fracture mode in the
arc portion of the cup with various punch speed.
As can be seen in this figure, fracture propagates
vertically to the load direction with punch speed
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of 30 mm min!, while the propagation angle of
the fracture is tilted 45° to the force direction with
punch speed of 3 mm min™!, which is the preferred
punch speed in this work. Based on Schmid’s law,
the yield stress of the material under plastic defor-
mation is defined as the Eq. 4:

Gy=rcr/(cos7».005(p) Eq. 4

where, cosi.cosg, is Schmid factor and t_ is the
critical shear stress, which is created.

Minimum stress for yielding the materi-
al under deformation process occurs when the
Schmid factor, which is known as cosA.cose, is
at its maximum. The highest amount of Schmid
factor is 0.5 when A=@=45°. It has been proved
that martensite forms on the active slip system
that is mostly oriented to the 45° of the load di-
rection due to high Schmid factor [38, 39]. It was
also shown that austenitic stainless steels exhibit
higher and lower yield stress under high and low
strain rates, respectively, while their ultimate
tensile strength may remain constant. It means
that the ultimate tensile strength of the steel type
304L is insensitive to the strain rate, but yield
stress is sensitive to the strain rate [22, 30, 31].
According to Fig. 10, the direction of the fracture
propagation is vertical to the load direction under
high punch speed of, 30 mm min’, but it is tilted
45° to the load direction under low punch speed
of, 3 mm min!, due to minimum yield stress of
the material with maximum Schmid factor in the
case of A=p=45°.

4. CONCLUSION

In this paper, deep draw-ability of austenitic
stainless steel type 304L was studied. Results of
this study showed that LDR equal to 2 was ob-
tained under optimum BHF of 1600 kgf at room
temperature. The higher induced martensite vol-
ume fraction of 0.51 through experimental mea-
surement and FE simulation method were oc-
curred in the flange portion of the deep-drawn cup
due to higher strain and stress concentration in
this region. Rupture happened in the arc portion of
the cup wall for blank with higher diameter. Also,
higher amounts of induced martensite of 0.60 and
0.577 were transformed in the rupture location via

experimental measurement and simulation meth-
od, respectively, because of higher strain and strain
hardening in this region. Thickness distribution of
the cup in FE simulation showed that thickness
increases from bottom to the flange portion of the
cup. Experimental procedures were simulated by
LS-DYNA and the experimental results were in
good agreement with the FE simulation.
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